Lysosomes have a clearly defined identity in animal cells. They are dense, acidic compartments rich in hydrolases, in which endocytosed material destined for degradation accumulates. Although pathways of membrane recycling to the plasma membrane and/or the Golgi complex are known to exist along the endocytic pathway, lysosomes are generally believed to be much more limited in their communication skills. Membrane exchange in the endocytic pathway is evident only as far as late endosomes; the dense vesicles of defined size and shape known as lysosomes, which originate from late endosomes, have until recently been regarded as terminal compartments, "dead-end" organelles. Here we discuss recent evidence that significantly expands this view of lysosomes, suggesting that these organelles also function as regulated secretory compartments, capable of direct interaction with the plasma membrane.
The lysosome-mediated cell invasion mechanism of Trypanosoma cruzi Unexpected findings were made during studies of the cell invasion mechanism of the protozoan parasite Trypanosoma cruzi . This process was originally assumed to be similar to the entry mechanism of many bacterial pathogens, which mobilize the actin cytoskeleton of host cells in a phagocytosislike process (Galan and Bliska, 1996) . Surprisingly, however, no polymerized actin was detected around recently formed T. cruzi -containing intracellular vacuoles, and invasion was actually significantly enhanced by disruption of host cell microfilaments (Tardieux et al., 1992) . Images of the invasion process in fibroblasts revealed a gradual accumulation of host cell lysosomes at the parasite entry site, and progressive fusion of these lysosomes with the plasma membrane as invasion proceeded (Tardieux et al., 1992) (Fig. 1 ). These findings led to the suggestion that the cortical actin cytoskeleton, similar to what is observed in regulated exocytosis (Trifaró et al., 1992) , acts as a barrier for lysosome recruitment and fusion, and trypomastigote entry. Subsequent studies showed that fusion of lysosomes with the plasma membrane is required for T. cruzi entry into several cell types, and that the process is triggered by elevations in intracellular free Ca 2 ϩ concentration ([Ca 2 ϩ ] i ) induced by the parasite (Burleigh and Andrews, 1998) .
In addition to [Ca 2 ϩ ] i transients, T. cruzi trypomastigotes also trigger cAMP elevation in host cells (Rodríguez et al., 1999) . This event also appears to play a key role in the invasion mechanism, as trypomastigote entry is markedly reduced in cells treated with adenylyl cyclase inhibitors (Rodríguez et al., 1999) . Interestingly, cAMP elevation enhances Ca 2 ϩ -regulated exocytosis in several cell types (Morgan et al., 1993; Rodríguez et al., 1999) . Although the mechanisms responsible for this effect are not completely understood, facilitated vesicular transport/docking at the plasma membrane and removal of the physical barrier posed by the actin cytoskeleton may be involved (Heuser, 1989; Morgan, 1995) . These findings reinforce the view that rearrangements in the cortical actin cytoskeleton of host cells are essential for the recruitment and fusion of lysosomes required for T. cruzi invasion.
This series of intriguing similarities between the T. cruzi cell invasion process and Ca 2 ϩ -regulated exocytosis raised the possibility that the parasites might be taking advantage of a previously unsuspected property of conventional lysosomes, namely the capacity for mobilization to the cell periphery and fusion with the plasma membrane. As discussed below, a direct investigation of the ability of conventional lysosomes to exocytose in response to Ca 2 ϩ generated several lines of evidence in support of this view. A particularly intriguing finding, also further discussed below, is the involvement of Ca 2 ϩ -regulated lysosomal exocytosis in the repair of plasma membrane lesions. T. cruzi trypomastigotes trigger [Ca 2 ϩ ] i elevation in host cells by an IP 3 -mediated pathway leading to Ca 2 ϩ mobilization from intracellular stores (Rod-ríguez et al., 1996) . This signaling process requires a parasite cytosolic serine peptidase, oligopeptidase B (OpdB)* (Burleigh et al., 1997) . Interestingly, OpdB-null trypomastigotes, although markedly deficient in both signaling and invasion, still show a residual capacity to elevate [Ca 2 ϩ ] i and to enter host cells (Caler et al., 2000) . It is thus conceivable that the OpdB-independent signaling activity is a consequence of direct permeabilization of the host cell plasma membrane by the parasite. Indeed, earlier studies showed that trypomastigotes secrete a hemolytic protein with the capacity to form discrete channels on lipid bilayers (Andrews and Whitlow, 1989) . It remains to be investigated if the Ca 2 ϩ influx triggered by the T. cruzi hemolysin plays a role in triggering a lysosome-mediated plasma membrane repair process, which would then be subverted by the parasite for gaining access to the intracellular environment.
Common features of conventional and "secretory" lysosomes
Although the concept of regulated exocytosis of conventional lysosomes is relatively new, secretory properties have long been associated with lysosome-related organelles. As reviewed extensively elsewhere (Marks and Seabra, 2001; Blott and Griffiths, 2002) , the regulated secretory compartments of several specialized cells have many properties in common with lysosomes. The most widely recognized examples are found in hemopoietic cells: ␣ -granules from platelets, azurophil granules from neutrophils, lytic granules from cytotoxic lymphocytes, and mast cell granules have acidified lumens and contain acidic hydrolases and lysosomal membrane markers. Several of these granules, referred to as "secretory lysosomes," were also shown to be accessible to tracers trafficking through the endocytic pathway (Stinchcombe and Griffiths, 1999) . Osteoclasts, which also belong to the hemopoietic lineage, show a dramatic reorganization of the lysosomal compartment, with translocation of lysosomal glycoproteins to the ruffled border membrane and secretion of lysosomal enzymes at the site of bone resorption (Mostov and Werb, 1997) .
There are, however, several examples of cells with secretory lysosomes that do not belong to the hemopoietic lineage. Melanosomes, the melanin-containing granules that are transferred from melanocytes to keratinocytes, share several characteristics with conventional lysosomes, in spite of the existence of unique biogenetic steps (Marks and Seabra, 2001; Raposo et al., 2001) . In pulmonary alveolar type II cells, the lysosome-related lamellar bodies are responsible for the Ca 2 ϩ -regulated secretion of surfactant (Ashino et al., 2000) . The acrosome of mammalian spermatozoa, another Ca 2 ϩ -regulated exocytic compartment, has also been considered to be a modified lysosome, owing to its acidic lumen containing a full set of acidic hydrolases (Tulsiani et al., 1998) . In addition, recent observations revealed an intriguing overlap between markers for lysosomes and WeibelPalade bodies, the regulated secretory granules of endothelial cells (Tulsiani et al., 1998) . In response to injury, endothelial cells are activated by inflammatory mediators, such as thrombin or histamine, triggering exocytosis of WeibelPalade bodies and release of von Willebrand factor. Interestingly, von Willebrand factor, an adhesive protein involved in primary hemostasis, is also secreted by the lysosomerelated ␣ -granules of megakayocytes and platelets (Wagner, 1993) . Therefore, it is clear that a capacity for Ca 2 ϩ -regulated exocytosis is commonly associated with lysosomal properties, and that this occurs independently of cell lineage. The acidic lumenal pH of lysosomes and lysosome-related organelles may play a central role in the processing of specific secretory products, as suggested by the low pH requirement for the synthesis and polymerization of melanin in melanosomes (Marks and Seabra, 2001) .
The pathology of a group of autosomal recessive diseases of humans and mice that includes the Hermansky-Pudlak (HPS) and Chediak-Higashi (CHS) syndromes is usually attributed to the dysfunction of specialized lysosome-related organelles, mainly because of the common symptoms of oculocutaneous albinism (caused by the defective transfer of melanosomes to keratinocytes) and prolonged bleeding (caused by impaired secretion of platelet clotting mediators). However, it is important to note that there is ample evidence indicating that conventional lysosomes are also affected in these diseases. The most striking example is CHS, caused by mutations in Lyst in the mouse ( beige ) and CHS1 in humans. Although the function of the very large ( Ͼ 400 kD) cytosolic protein encoded by Lyst/CHS1 remains elusive, it is clear that all cells in beige mice and CHS human patients show an abnormal enlargement of lysosomes (Ward et al., 2000) . Severe immunodeficiency, which is usually responsible for early death in humans, has been attributed to defects in the exocytosis of cytotoxic T lymphocyte lytic granules (Baetz et al., 1995) , and to delayed major histocompatibility complex (MHC) class II-dependent antigen presentation (Faigle et al., 1998) . Due to the severity of CHS in humans, not much information is available on additional lysosome-related disorders in these patients. In this respect, analysis of the symptoms associated with HPS has been more informative and revealed many intriguing features.
*Abbreviations used in this paper: CHS, Chediak-Higashi syndrome; HPS, Hermansky-Pudlak syndrome; NRK, normal rat kidney; OpdB, oligopeptidase B; Syt, synaptotagmin. Analysis of the various mouse models of HPS has led to the identification of a series of genes clearly involved in organelle biogenesis and membrane traffic events (Marks and Seabra, 2001) . Because this syndrome is less severe than CHS and more heterogeneous in clinical presentation, a number of intriguing symptoms have been reported. In addition to hypopigmentation and blood clotting defects, human HPS patients (and the mice, in several instances) show a series of additional abnormalities, not all obviously related to specialized secretory lysosomes. Importantly, accumulation of partially degraded proteolipids (ceroid/lipofuscin) is observed in the lysosomes of many different cell types, and secretion of lysosomal enzymes into the urine, a phenomenon normally observed in male mice, is greatly reduced. Massive amounts of ceroid accumulate in the epithelium of kidney proximal tubule cells and other cell types of HPS patients, a process proposed to be a consequence of defective secretion of lysosomal contents (Swank et al., 1998) . HPS patients also develop a serious restrictive lung fibrosis, and occasional granulomatous hemorragic colitis, granulomatous gengivitis, and cardiomyopathy (Swank et al., 1998) . The pulmonary fibrosis has been attributed to the intracellular ceroid deposition in the lung, although it is conceivable that defective secretion of surfactant by the lysosome-related lamellar bodies is also involved. No obvious explanation, however, has yet been offered for the colitis, gengivitis, and cardiomyopathy observed in HPS patients. In light of the recent evidence discussed below, it is tempting to speculate that these symptoms might be, at least in part, related to defects in lysosomemediated repair of plasma membrane lesions.
Regulated exocytosis of conventional lysosomes
Regulated secretion has generally been considered to be a specialization of only a few cell types. It therefore came as a surprise when a large component of Ca 2 ϩ -regulated exocytosis was detected in a variety of cells previously believed to only be capable of constitutive secretion, such as fibroblasts and epithelial cells (Chavez et al., 1996; Coorsen et al., 1996; Ninomiya et al., 1996) . Membrane capacitance measurements revealed a 20-30% increase in the surface area of CHO and 3T3 fibroblasts after elevation in [Ca 2 ϩ ] i (Coorsen et al., 1996) . In CHO cells, the diameter of the Ca 2 ϩ -regulated exocytic vesicles detected by capacitance measurements was estimated to be between 0.4 and 1.5 m in diameter (Ninomiya et al., 1996) , a size consistent with the dimensions of lysosomes in these cell types. Interestingly, even in cells such as PC-12 and adrenal chromaffin cells, which contain "classical" Ca 2 ϩ -regulated secretory granules, an additional population of exocytic vesicles with distinct properties was detected by electrophysiological methods (Xu et al., 1998; Kasai et al., 1999) . Such studies reinforced the growing perception that most cell types contain a population of vesicles that can be mobilized for fusion with the plasma membrane upon elevation in [Ca 2 ϩ ] i . Detailed studies performed with normal rat kidney (NRK) cells in our laboratory identified these vesicles as conventional lysosomes (Rodríguez et al., 1997) . Upon stimulation with 1 M Ca 2 ϩ , the lumenal domain of lysosomal membrane glycoproteins is exposed on the plasma membrane, and lysosomal contents are released extracellularly. In contrast, no significant increase in the traffic of early endosomal markers to the cell surface is observed under the same conditions. Furthermore, only the lysosomally processed form of cathepsin D is secreted in response to Ca 2 ϩ , reinforcing the conclusion that mature lysosomes, and not biosynthetic carrier vesicles, are involved in this exocytic process (Rodríguez et al., 1997) .
Recent findings from our laboratory revealed that synaptotagmin (Syt) VII, a ubiquitously expressed member of the Syt family of Ca 2 ϩ -binding proteins, is a powerful tool for modulating Ca 2 ϩ -dependent exocytosis of lysosomes. Syts are transmembrane proteins with a short amino terminus ectodomain, a single transmembrane region, and two highly conserved, independently folding Ca 2 ϩ -binding C 2 domains (C 2 A and C 2 B) homologous to the C 2 regulatory region of protein kinase C (Sudhof and Rizo, 1996) . Syt I, the most extensively studied isoform, is present on the membrane of synaptic vesicles in neurons, where it was proposed to function as a Ca 2 ϩ sensor for rapid exocytosis. Genetic studies in mice, Drosophila , and Caenorhabditis elegans demonstrated that Syt I ablation or mutation strongly decreases the Ca 2 ϩ dependency of neurotransmitter release (Nonet et al., 1993; DiAntonio and Schwarz, 1994; Geppert et al., 1994) . Several Syt isoforms have been described to date, some of which appear to be more abundantly expressed in brain (Li et al., 1995) . Syt VII, however, was shown by hybridization studies to be expressed at significant levels on most mouse tissues . Consistent with this ubiquitous pattern of expression, recent work from our laboratory showed that Syt VII is localized on the membrane of lysosomes in NRK (Martinez et al., 2000) and other cell types .
Several lines of evidence indicate that the C 2 A domain plays a central role in the mechanism by which Syts regulate Ca 2 ϩ -triggered exocytosis. Antibodies generated against the Syt I C 2 A domain, and recombinant peptides containing the Syt I C 2 A domain, were reported to inhibit Ca 2 ϩ -triggered exocytosis when introduced into neuronal cells (Schiavo et al., 1998) . Similarly, the C 2 A domain of Syt VII or antibodies against this domain block Ca 2 ϩ -triggered exocytosis of lysosomes in permeabilized NRK cells (Martinez et al., 2000) . Importantly, inhibition of lysosomal exocytosis was only observed in the presence of the Syt VII C 2 A domain, and not the C 2 A domain of the exclusively neuronal isoform Syt I . Consistent with our previous evidence indicating that common molecular mechanisms regulate lysosomal exocytosis and cell entry by T. cruzi , the recombinant Syt VII C 2 A domain and anti-Syt VII C 2 A antibodies also specifically inhibited host cell invasion by trypomastigotes .
Lysosomal exocytosis and plasma membrane repair
The existence of a ubiquitous pathway for Ca 2 ϩ -regulated lysosomal exocytosis raised the question of what could be its physiological role in mammalian cells. Interestingly, a series of studies in the last decade concluded that the repair of lesions on the plasma membrane of animal cells involves the Ca 2 ϩ -regulated delivery of intracellular membrane to wound sites. Ca 2 ϩ influx through plasma membrane disruptions triggers a high rate of vesicular exocytosis at the wound site, an event that is required for membrane resealing (McNeil and Steinhardt, 1997). The mechanism by which exocytosis on May 22, 2017 Downloaded from promotes resealing is still unclear, but it may involve the reduction in plasma membrane tension known to result from intracellular membrane delivery (Togo et al., 2000) .
Although this series of studies strongly suggested that a ubiquitous form of Ca 2 ϩ -regulated exocytosis was a necessary and rate-limiting step in plasma membrane repair (McNeil and Steinhardt, 1997) , the exact nature of the intracellular vesicles involved was not clear. In sea urchin eggs, resealing of plasma membrane disruptions was initially proposed to be mediated by cortical granules (Bi et al., 1995) , but in subsequent studies, yolk granules were implicated (McNeil, 2002) . Interestingly, yolk granules from eggs of several species contain acidic hydrolases, in addition to being accessible to tracers chased through the endocytic pathway (Wall and Meleka, 1985) . Labeling experiments using the dye FM-143 also implicated the endosomal/lysosomal pathway in the repair of injured endothelial cells and fibroblasts, although the vesicular population involved was not directly identified (Miyake and McNeil, 1995) .
The capacity of conventional lysosomes to respond to [Ca 2 ϩ ] i by fusing with the plasma membrane suggested that lysosomes might correspond to the exocytic vesicles involved in cell resealing. A recent study generated several lines of evidence in support of this view (Reddy et al., 2001) . Lumenal epitopes of the lysosomal glycoprotein Lamp-1 readily appear on the cell surface of wounded cells (Fig. 2) , in a process strictly dependent on the presence of extracellular Ca 2 ϩ (Reddy et al., 2001) . Wounding in the presence of the inhibitory Syt VII C 2 A peptides or antibodies inhibits both the surface appearance of Lamp-1 and resealing of the plasma membrane. Furthermore, microinjection of agglutinating antibodies directed against the cytosolic tail of Lamp-1 (Bakker et al., 1997 ) also impairs resealing, directly implicating lysosomes in the plasma membrane repair process (Reddy et al., 2001) .
Plasma membrane disruption appears to be a frequent event in mechanically active tissues (McNeil, 2002) . Previous studies in rodents showed that cells from the skin, gastrointestinal tract, and muscle are frequently injured, as indicated by the incorporation of membrane-impermeant molecules into their cytosol (McNeil, 2002) . Interestingly, the frequency of wounding in rat skeletal muscle cells was reported to increase proportionally with exercise (McNeil and Khakee, 1992) . Primary skin fibroblasts, when moving in culture, also suffer frequent and rapidly reversible plasma membrane disruptions, during retraction of the trailing edge (Chen, 1981) . Such lesions, believed to be caused by rupture of the focal adhesions formed between fibroblasts and the substrate, also occur extensively in the fibroblast-collagenmatrix model of wound contraction (Lin et al., 1997) . This is a model developed to study the regulation of wound contraction, a critical step in the healing of cutaneous lesions (Grinnell, 2000) . In this system, skin fibroblasts embedded in a three-dimensional matrix of polymerized collagen attached to a substrate (an environment that mimics the granulation tissue secreted by fibroblasts in cutaneous wounds) develop extensive stress fibers and strong focal adhesions. The tension generated by the fibroblasts under these conditions is believed to represent the force responsible for the contraction and closure of cutaneous wounds in vivo. This contraction event can be reproduced in an accelerated time scale when the collagen-embedded fibroblast matrices are mechanically detached from the substrate. After release, the floating matrix condenses rapidly, a result of isometric tension generated by the fibroblasts. During this contraction event, the majority of the fibroblasts contained in the matrix suffer synchronous plasma membrane disruptions, followed by rapid, Ca 2 ϩ -dependent resealing (Lin et al., 1997) . This system provided a very sensitive and quantitative assay for investigating the role of lysosomes in the repair of plasma membrane injuries suffered by primary cells. When human foreskin fibroblast-collagen-matrices were released from the substrate in the presence of agents that inhibit lysosomal exocytosis, release of the lysosomal enzyme ␤ -hexosaminidase was inhibited while leakage of cytosolic enzyme lactate dehydrogenase was enhanced. Sustained inhibition of lysosomal exocytosis in this system caused significant loss in cell viability, strongly suggesting that this Ca 2 ϩ -regulated process has a physiological role in the maintenance of plasma membrane integrity.
Cells from mechanically challenged tissues probably suffer repeated cycles of plasma membrane wounding and repair. Recent studies examining sequentially wounded cells found that brefeldin A, although not affecting repair of the initial wound, inhibits resealing of the second wound (Togo et al., 1999) . These results were interpreted as reflecting the involvement of distinct types of intracellular vesicles in the initial and subsequent waves of exocytosisrepair. Although this possibility cannot be ruled out, these findings are also consistent with the involvement of lysosomes located at distinct cellular sites. It is conceivable that the initial wound could trigger an exocytic response from lysosomes located in the close proximity of the plasma membrane, while mobilizing an additional population from inside the cell to replace it. Because brefeldin A also affects the morphology and functional properties of lysosomes (Lippincott-Schwartz et al., 1991) , it might inhibit replenishing of the peripheral lysosomal population, and subsequent cycles of exocytosis-repair. Future studies using cells impaired in lysosomal exocytosis should be useful in clarifying this interesting issue. 
Concluding remarks
The findings discussed above illustrate well the enormous potential that the study of host-pathogen interactions has for uncovering novel, surprising aspects of the physiology of animal cells. The investigation of a highly unusual form of host cell invasion by a trypanosome led to the discovery of Ca 2 ϩ -regulated lysosomal exocytosis, a widespread process with a central role in the mechanism of plasma membrane repair. These fundamental findings, in turn, significantly advanced our understanding of the strategy used by T. cruzi to invade host cells. It now appears that this parasite subverts a very basic housekeeping process for its own advantage: contact with the parasite triggers a "repair" response by host cell lysosomes, which are then hijacked for formation of the intracellular vacuole. Exocytosis-mediated membrane repair is believed to represent a primitive form of secretion (McNeil and Steinhardt, 1997) ; it is an intriguing idea that encounters with microbes may have played a key role in the selection of lysosomes for this role (Reddy et al., 2001) .
The author thanks all present and past members of her laboratory for their essential contributions to the work discussed, and H. Tan for the artwork shown in Fig. 1 
